The porcellanid crab Allopetrolisthes spinifrons, a symbiont of the sea anemone Phymactis papillosa, shows a suspension-feeding behavior related to flow oscillations (repetitive changes of flow direction). Individual crabs oriented their filter appendages (third maxillipeds) to maintain a concave face upstream, showing a higher frequency of maxilliped movements (flexion) at the start of inverted flow. The crab is primarily a suspension feeder that can ingest host mucus and feces. Contrary to free-living porcellanids, the symbiotic life-style offers access to exposed sites in the intertidal and subtidal environments that are favorable for passive suspension-feeding activities and consequently, an alternative feeding mechanism is not necessary.
INTRODUCTION
Marine decapods present a variety of feeding modes, including deposit feeding, scavenging, predation, and suspension feeding. These feeding modes require appropriate mechanisms to acquire and process food as well as behavioral responses controlling them (Grahame, 1983) . Members of the family Porcellanidae have been mostly described as suspension feeders, which are able to feed on particles suspended in the water column (Nicol, 1932; Gonor and Gonor, 1973; Hartman and Hartman, 1977; Stevcic, 1988; Villarroel, 1989; Trager et al., 1992; Trager and Genin, 1993; Ng and Goh, 1996; Achituv and Pedrotti, 1999) . It has been suggested, however, that some porcellanid crabs have alternative feeding mechanism, especially those that live symbiotically with other marine invertebrates (Viviani, 1969; Seibt and Wickler, 1971; Shima and Kakinuma, 1993) .
Trophic plasticity, in terms of food sources and feeding mechanisms has been reported in members of several taxa of marine invertebrates, including Polychaeta (Turner and Miller, 1991; Ferner and Jumars, 1999) , Coelenterata, Brachiopoda, Porifera (LaBarbera, 1984) , Cirripedia (Trager et al., 1990) , Brachyura (Depledge, 1989) , and in diverse species of Porcellanidae (Caine, 1975; Kropp, 1981; Stevcic, 1988; Trager and Genin, 1993; Achituv and Pedrotti, 1999) . Nicol (1932) , for example, proposed that grooming activity of Porcellana longicornis (L., 1767) by using the fifth pereiopods has a double function: fouling removal and food acquisition. This could allow crabs to obtain food placed on different parts of their body. Trophic plasticity in crustaceans that live symbiotically with other invertebrates might favor the evolution of a nutritional relationship, because secretions, feces, and tissues of the hosts could be utilized by the symbiont (Castro, 1971; Seibt and Wickler, 1971; Caine, 1975; Stimson, 1990; Shima and Kakinuma, 1993; Fukami et al., 1994; Simon-Blecher et al., 1999) .
The intertidal and shallow subtidal zones are characterized by continuously changing water flows, which dominate the wave-induced oscillating flows. These variations are critical for suspension feeders like porcellanid crabs, which feed from a stationary position, because water movements deliver food and oxygen, simultaneously removing waste products (Trager et al., 1992; Achituv and Pedrotti, 1999) . It is thus likely that these species present behavioral adaptations that allow them to feed in environments with such particular characteristics. It has been demonstrated that porcellanids and barnacles synchronize their feeding movements with water flow oscillations (Trager et al., 1992) .
The porcellanid crab Allopetrolisthes spinifrons (H. Milne Edwards, 1837) inhabits the sea anemone Phymactis papillosa (Lesson, 1830) (Stuardo, 1962) along the coasts of Perú and Chile (Haig, 1955) . Both species can be found in the mesolitoral and infralitoral fringe of the rocky intertidal, being more abundant in the lower intertidal zone (Villarroel, 1989) . Since flow conditions are constantly changing in these zones, it can be hypothesized that A. spinifrons features alternative feeding mechanisms. Anecdotal observations (Viviani, 1969) suggest that the crab feeds on the mucus and feces of P. papillosa. Searching for positions with adequate flow conditions for suspension feeding, and depletion of the anemone's mucus caused by the feeding activity of crabs have been proposed as alternative explanations for the low degree of host fidelity of A. spinifrons (Thiel et al., 2003) .
Here we aimed to evaluate the hypothesis that A. spinifrons is a suspension feeder but also capable to feed on host's mucus and/or feces. We investigated the feeding habits of the symbiotic crab by analyzing feeding and grooming behavior, the ingestion of host mucus and feces, and stomach contents.
MATERIAL AND METHODS

Specimen Collection
Sea anemones and adult crabs (carapace length . 6.0 mm) were collected at La Pampilla, Coquimbo, Chile (298579S, 718219W) between July 2001 and March 2002. The intertidal fringe here is a semi-exposed rocky shore where algae such as Gelidium spp., Ulva spp. and Porphyra columbina cover rock surfaces (for more details about the characteristic of the site, refer to Baeza et al., 2001; Baeza and Thiel, 2003) . The host P. papillosa occurs in crevices, between fronds and holdfasts of the kelp Lessonia sp., and among boulders (Baeza and Stotz, 2003) . Collections were made during low tide. Specimens were kept in 1-L tanks with filtered running sea water (50 lm) in the laboratory. In each tank, one crab was placed with the sea anemone from which it was collected. Each sea anemone was allowed to reattach to a small stone. All descriptive and manipulative experiments were carried out after 24 hours of acclimatization of specimens. A red light was used during behavioral observations to diminish stress.
Feeding Behavior at Manipulated Water Flow
Behavioral observations were conducted in a flow tank (Fig. 1 ) that consisted of a cylindrical acrylic tank, with ends connected by PVC tubes (1.25 cm diameter). The tubes directed the water flow from the water supply to the tank. The direction of water flow was changed manually, by using valves placed at both extremes of the tank. Flow velocity was estimated by registering the time that a known volume of water passed through the transversal section of the tank (92.5 cm 2 ). The system was able to generate flow velocities between 0.17 and 0.65 cm s À1 . Although this range is relatively low compared to field velocities measured for the Chilean rocky shore (see Castilla et al., 1998; Guiñez and Pacheco, 1999 ), all crabs examined performed feeding behaviors at these velocities.
Water flow was unidirectional and with constant velocity during observations. A crab was placed with its sea anemone in the center of the tank. The anterio-posterior axis of the carapace was perpendicular to the axis of the water flow and the dorsal surface of the carapace faced toward the observer. Body position and feeding behavior of each crab was registered within 1 hour. Five different crabs were used for qualitative observations.
An experiment was conducted to test whether the frequency of suspension feeding movements was synchronized with flow oscillation as measured by repetitive inversions of the direction of the water flow. Water flow direction was inverted every 60 seconds (0.083 Hz). Even though this frequency was low in comparison with that of the environment it allowed observation of behavior at different times within an oscillation or flow cycle. The frequency of suspension-feeding movements of crabs was measured at maximum amplitude (continuous flow) and at minimum amplitude portions of the flow cycle, when flow was decelerating until it stopped and started in the opposite direction. Every change in the flow direction and the occurrence of each suspension-feeding movement event was verbally described by the observer and registered by a voice recorder. The frequency of flexion of the third maxillipeds was registered during: (1) the first change of direction, (2) first continuous flow, (3) second change of direction, and (4) continuous flow in opposite direction. The flexion consisted in movements where the third maxilliped was curled and pulled downwards to be cleaned by the second maxillipeds. Seven crabs were used for each flow portion. In order to diminish the effect of crab size in the dependent variable, the rank of sizes was controlled as best as possible. This rank varied between 9.5 and 14.9 mm (carapace length). To test the null hypothesis of no difference among the mean flexion of the portions of the flow cycle an ANOVA was performed. Data were square root transformed to achieve homoscedasticity of variances.
Alternative Feeding Mechanisms
Crabs frequently clean their body surfaces, chelae and ambulatory appendages (P2-P4) with the fifth pair of pereiopods (P5). To evaluate whether this behavior represented a possible mucus feeding mechanism, 27 anemone-crab pairs were placed in individual tanks provided with running filtered sea water. The tanks were kept during 6 hours without water and 18 hours with water. Five crabs were randomly chosen to be observed without water. Preliminary observations indicated that crabs show little activity when without water, so 5 replicates we considered as sufficient. Twentytwo crabs were observed while covered with water. From these groups, 11 crabs that were directly touching the anemones and 11 that were beneath the rock of the anemone were observed. After 30 minutes of acclimatization, the occurrence of the following cleaning events was recorded during 5 minute periods: (1) general body grooming by the fifth pereiopods; (2) antennular grooming by the third pair of maxillipeds and (3) grooming of the third pair of maxillipeds by the second maxillipeds. To test the null hypothesis of no dependence between the number of crabs that realized grooming events and the contact with the anemone, data were organized in 2 3 2 contingency tables, being analyzed with the Fisher's exact test (Zar, 1999). Each type of grooming behavior was analyzed independently. Since the number of crabs in each group (touching versus not touching the anemone) was set a priori (n ¼ 11 each), this design represents a ''Category 2'' experimental design.
In order to assess whether crabs ingest host mucus 15 anemones were kept without food for five days in individual tanks. The epidermis of each anemone was then dyed with 1 ml of 1% methylene blue. The epidermis was washed and the anemones were placed together with their crabs. The anemone-crab pairs were kept in circulating filtered sea water during 24 hours, after which crabs were fixed and preserved in 10% formalin. Crabs were dissected and the number of crabs with dye in the stomach was registered, being expressed as percentage of dyed stomachs in the sample. A visual control was made with a group of crabs whose anemones were not dyed. Observations were made within 1 week after the fixation of crabs.
To evaluate whether crabs ingest host feces the availability of feces was manipulated at three levels (fed anemones, starved anemones, and control). Anemones were first kept without food for 5 days, after which 20 anemones were fed with fragments of the porcellanid crab Petrolisthes violaceus (Guérin, 1831). A second group of 20 anemones was not fed. Each anemone was subsequently placed together with its corresponding crab. A third group of 20 crabs, whose anemones were not manipulated, served as controls. All anemone-crab pairs were kept in tanks for 48 hrs. All crabs (n ¼ 60) were fixed and preserved in 10% formalin at the end of this period. Stomachs were dissected and examined microscopically to determinate the presence or absence of food. To test the null hypothesis of no dependence between the presence of food and treatment, data were organized in a ''Category 2'' 2 3 3 contingency table, calculating the v 2 (Zar, 1999) .
Stomach Content Analyses
Thirteen crabs were fixed in 70% alcohol immediately after capture in the field. Crabs were dissected and stomach contents were examined under a stereomicroscope within 1 week after collection. Food types were identified to general taxonomic categories. The percentage of occurrence of each category and the relative abundance of each category were registered. The latter was estimated by assigning a score to each food category based on its estimated abundance in each stomach using a logarithmic scale with base 2. Food categories were scored 1, 2, 4, 8, 16, or 32 points, depending on their estimated abundance (see Williams, 1981) . If a stomach was filled with green algae, for example, this category scored 32. A small piece of sponge found among various types of food was scored 1.
RESULTS
Feeding Behavior
The anterior margin of the carapace of crabs was always oriented toward the oral disc of the anemone during observations. Crabs maintained their third pair of maxillipeds withdrawn during between 15-40 minutes ( Fig. 2A) . After this initial period, crabs slightly lifted their bodies off surface of sea anemones, maintaining the anterior portion of the carapace higher than the posterior portion (Fig. 2B) . Crabs started to extend one or both third maxillipeds. The third maxillipeds are elongated and have setae on the four distal articles. These setae form a spoon-shaped feeding fan that filters the suspended particles from the water current. The third maxillipeds were ventrally flexed and scraped by the distal brush of setae on the second maxilliped of the same side. The cycle was completed when the third maxillipeds, oriented in a concave-upstream position, were extended again.
Crabs also groomed the dactyls of the pereiopods with their fifth pereiopods. After cleaning, the fifth pereiopods were directed to the third and/or the second maxillipeds, which scraped the material from the setae of the pereiopods. This suggests that part of the material cleaned off the pereiopods was being ingested and it perhaps consisted of anemone mucus. While crabs repeatedly cleaned their body surfaces and appendages from mucus and particles, crabs were never observed to directly scrape mucus from the surfaces of sea anemones.
Feeding at Oscillating Flow Crabs extended their third maxillipeds into the current such so that they faced concave-upstream at maximum amplitude portions of the flow cycle. When the direction of the flow was inverted, the third maxillipeds were reoriented, keeping their position perpendicular to the flow (Fig. 3) . Crabs usually extended both maxillipeds, however, at the end of the flow inversion, some crabs extended only one maxilliped, and extending both appendages just some seconds later (Fig. 3) . The portion of the flow cycle had a strong effect on the flexion frequency of the feeding third maxillipeds (ANOVA, Table 1 ). At maximum amplitude portions, flexion frequencies were lower than at minimum amplitudes (Fig. 4) . At a low oscillation frequency (0.083 Hz), crabs synchronized feeding movements with flow oscillation (Fig. 4) .
Grooming Behavior and Mucus Feeding Mechanism
The beating of the setae of the exopodites of the second and third pair of maxillipeds was the only activity observed in crabs in the absence of water. A higher number of crabs actively groomed their bodies in the group that was in contact with anemones than in the group under the rocks when covered by water (Table 2 ). These differences were nevertheless not significant (Fisher's exact test, P ¼ 0.103 for general body grooming by the fifth pereiopods; P ¼ 0.338 for antennular grooming by the third pair of maxillipeds; and P ¼ 0.063 for grooming of the third pair of maxillipeds by the second maxillipeds). Grooming behavior thus appears not to be related to a mucus feeding behavior.
Mucus and Feces Ingestion
Twelve out of 15 crabs (80%) presented traces of methylene blue in their stomach. Dye was not observed in the gills of crabs, and thus the possibility of dye entering the body cavity through the respiratory current was discarded. This might indicate that analyzed crabs actually ingested dyed mucus.
The presence or absence of organic material in stomachs depended on the anemone treatment (v 2 ¼ 9.095, d.f. ¼ 2, P ¼ 0.012). Both fed and control anemones presented a higher number of crabs with food in the stomach than (Table 3 ). This indicates that the stomach content of crabs from fed anemones corresponds to feces of the hosts. Feces consisted of egested materials of diverse sizes, and were frequently seen on the oral disc or in the surroundings of the sea anemones.
Stomach Contents
The components of the stomach contents were grouped in five categories (Table 4) . Unknown structures were classified as organic matter, which was found in the stomachs of all examined crabs. Macroalgae, sponge spicules (Demospongiae), crustacean appendages, microalgae, and foraminiferans were present in descending order of percentage of occurrence. On average, organic matter comprised approximately 50% of the content of the stomach. The remaining stomach volume was dominated mainly by macroalgae, sponge spicules, and microalgae.
DISCUSSION
Allopetrolisthes spinifrons is a suspension feeder that is able to ingest mucus and feces of the host, Phymactis papillosa. The lack of a specialized behavior for the acquisition of Table 2 . Number of crabs Allopetrolisthes spinifrons that realized grooming events during 5 min observation periods; one half of the crabs (n ¼ 11) was in contact with the host while the other half (n ¼ 11) was beneath the rock of the anemone. mucus and feces (Shima and Kakinuma, 1993) suggests that suspension feeding is the main feeding mechanism. In contrast to free-living porcellanids, the symbiont would have the possibility to access exposed sites in the intertidal and subtidal environment that are favorable for passive suspension feeding, and leads this to a single mechanism adapted to these conditions. We suggest that this feeding mechanism does not permit the evolution of endo-symbiosis among porcellanid crabs.
The Suspension Feeding of Allopetrolisthes spinifrons
The morphology of the filter appendages and the mechanism to transfer food particles to the mouth observed in A. spinifrons are characteristics of crustacean suspension feeders (Marshall and Orr, 1960) , and in particular for other suspension-feeding porcellanids (Hartman and Hartman, 1977; Nicol, 1932; Gonor and Gonor, 1973; Stevcic, 1988; Trager et al., 1992; Achituv and Pedrotti, 1999; Zander, 2000) . The reorientation of the extended maxillipeds allows crabs to feed in a water flow characterized by frequent changes in direction, utilizing both phases of the oscillation to capture suspended food particles. Flow velocities in an oscillating regime decrease until they stop and increase in the opposite direction (Trager et al., 1992) . Particle transport is positively correlated with the current velocity (Trager and Genin, 1993) . Transport of particles consequently will be minor at the minimum amplitude of the oscillatory flow in comparison with the maximum amplitude of the flow. Cleaning of third maxillipeds by the second maxilliped, during flow reversion would offer higher gains than during continuous flow. Filtered particles are then passed from the second maxilliped to the mouth (Nicol, 1932) , and the first maxillipeds are also active during feeding by generating vortex currents in the vicinity of the mouth. If the maxillipeds are cleaned off during the maximum amplitude flow portions, the probability of missing particles is higher than at minimum amplitude portions, and therefore the gains could be lower. The costs of flexing the third maxillipeds upstream could also restrict the behavior to the minimum amplitude flow portions. On the other hand, crabs usually directed both maxillipeds to the coming flow, as has been already demonstrated for other porcellanids that extend both maxillipeds at low oscillation frequencies, alternating motions of right and left maxillipeds in high oscillation frequencies (Trager et al., 1992) . In our experiment, crabs extended one maxilliped at the end of some flow reversions.
It is likely that flow reversion could generate turbulent fluxes, increasing the water movement in the vicinity of the mouth, and then stimulating the extension of one maxilliped for few seconds. In consequence, under more realistic conditions (higher oscillation frequencies and velocities) alternate motions of the maxillipeds might be more frequent and probably the flexion frequencies might be lower (see also Trager and Genin, 1993) . Although our conclusions are limited to a situation of low oscillation frequencies and low current velocities, we suggest that the features described here are adaptations to synchronize flexion frequency with flow oscillation.
Synchrony between feeding movements and water flow oscillation has already been demonstrated in other porcellanids and in barnacles, which reorient their filtering structures with respect to flow direction (Trager et al., 1990; Trager et al., 1992; Achituv and Pedrotti, 1999) . This behavior also has been described among polychaetes (Turner and Miller, 1991) . The fact that synchrony is present in different taxa suggests that this behavior is an adaptation shared by suspension feeders living in environments dominated by oscillating regimes, such as the intertidal and shallow subtidal zones (Trager and Genin, 1993) .
Potential Alternative Feeding Mechanisms of Allopetrolisthes spinifrons
It was shown that A. spinifrons ingests host mucus but no specialized behavior for mucus acquisition. There was no evidence that grooming behavior have a role in the acquisition of mucus. These findings suggest that mucus ingestion by A. spinifrons does not represent a specific feeding mechanism and that mucus ingestion occurs instead accidentally during cleaning activities. This differs from previous studies on other symbiotic decapods (Knudsen, 1967; Stimson, 1990; Fukami et al., 1994; Simon-Blecher et al., 1999) . These symbiotic decapods, however, are not suspension feeders and mucus and tissues of hosts might represent an important nutritional resource. Neopetrolisthes maculatus (H. Milne Edwards, 1837), however, is a suspension-feeding porcellanid that also feeds on host mucus (Seibt and Wickler, 1971; Shima and Kakinuma, 1993) , but this species does not depend on the mucus (Seibt and Wickler, 1971) , as in A. spinifrons. A similar conclusion can be drawn for the ingestion of host feces detected for A. spinifrons under laboratory conditions. It is unlikely that host feces are available as a food resource in the nature because water movements easily remove feces. Allopetrolisthes spinifrons also occurs on the echinoderms Stichaster striatus Müller and Troschel, 1840, Meyenaster gelatinosus (Meyen, 1834), Heliaster helianthus (Lamarck, 1816) and the gastropods Fissurella pulchra Sowerby, 1831, F. crassa Lamarck, 1822, F. cumingi Reeve, 1849, F. nigra Lesson, 1831, and Concholepas concholepas (Brugière, 1789), as well as another anemone species: Phymanthea pluvia (Drayton, 1864) (Haig, 1955; Viviani, 1969; Stotz, 1995, 2001) . The fact that all these host species produce mucus could suggest that in A. spinifrons the mucus from its hosts has other functions than serving as food. One possible explanation for the manipulation of host mucus is that the symbionts might require a mucus coat on sea anemones in order to be protected against attacks from their hosts. It is feasible that the crabs become chemically camouflaged by acquiring host mucus, and grooming motions take part in forming a mucus coat. Acclimation behaviors have been proposed for several species which live symbiotically with anemones, including decapods (Levine and Blanchard, 1980) and anemone fishes (Elliott et al., 1994) .
Benefits of the Symbiotic Life Style of Allopetrolisthes spinifrons
The sea anemone Phymactis papillosa is a passive suspension feeder that occurs in micro-habitats with a high availability of suspended food. In addition, presents a protective tentacle crown that stings potential predators (H. helianthus, personal observations); features that could benefit the symbiotic crab. Most free-living porcellanids occur in high densities under rocks and boulders where water flow is comparatively low and, therefore, food transport might be lower than in the micro-habitat of A. spinifrons. The food quality also could be inferior near the bottom because there is a higher concentration of re-suspended material (sand grains and shell fragments), which have a low nutritional value and eventually could clog the filter system of the crabs. A symbiotic life style would allow A. spinifrons to obtain a higher quantity and quality of food than free-living porcellanids, being protected against predation by the nematocyst battery of the sea anemone. The high frequency of occurrence of crabs on sea anemones (74% of anemones with crabs, Baeza et al., 2001 ) and the territorial behavior of crabs (Baeza et al., 2002) suggest that symbiosis presents a high value for A. spinifrons. Finally, another symbiont, Liopetrolisthes mitra (Dana, 1858), lives on the sea urchin Tetrapygus niger (Molina, 1782) on exposed sites on the Chilean coast. As in A. spinifrons it does not show an alternative feeding mechanism (Zander, 2000) . Practically all symbiotic porcellanids are external symbionts of hosts that are either passive suspension feeders or occur in exposed environments (Shima and Kakinuma, 1993; Ng and Goh, 1996; Baeza and Thiel, 2000; Baeza and Stotz, 2001 ; see appendix 2 in Thiel and Baeza, 2001 ). These features, in addition to our results suggest that suspension feeding as a principal feeding mechanism of porcellanids may have restricted the evolution of internal symbiosis in this taxon.
